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a  b  s  t  r  a  c  t
Core–shell  structured  La-doped  SrTiO3 nanocubes  were  synthesized  via  a two-step  synthesis.  Primary
La-doped  SrTiO3 nanocubes  formed  through  the  dissolution  of  NaOH  pellets  in  an  ethanol–water  solution
at  room  temperature,  and  during  the subsequent  hydrothermal  treatment  a  La-doped  SrTiO3 layer  was
coated  on  the primary  nanocubes.  The  exothermic  reaction  of NaOH  in  an  ethanol–water  solution  accel-
erated  the  formation  of the SrTiO3 phase  at room  temperature,  while  La ion  doping  and  the  ethanol–watereywords:
trontium titanate
a doping
anocube
ore–shell structure
solvent  accelerated  the  formation  of cubic  particles.
©  2013  The  Ceramic  Society  of  Japan  and  the  Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V. All  rights  reserved.
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Sydrothermal reaction
. Introduction
Thermoelectric (TE) energy conversion is a promising technol-
gy for both electric power generators (Seebeck effect) and coolers
Peltier effect) [1,2]. The dimensionless ﬁgure of merit can deter-
ine the TE performance, and is deﬁned as ZT = (S2/)T, where
, , , and T are the Seebeck coefﬁcient, electrical conductivity,
hermal conductivity, and absolute temperature, respectively.
Perovskite-type strontium titanate (SrTiO3) is a promising n-
ype oxide TE material. The appropriate substitution via doping
e.g., La3+ (Sr2+ site) or Nb5+ (Ti4+ site)] can easily alter the carrier
oncentration of SrTiO3 [3–6]. Our previous work indicates that the
b-doped grain boundary of SrTiO3 on an insulating SrTiO3 single
rystal substrate gives a dramatically high ZT value of 2.4 at 300 K
ue to the formation of a two-dimensional electron gas (2DEG) on
he Nb-doped grain boundary phase [7].∗ Corresponding author at: Graduate School of Engineering, Nagoya University,
agoya 464-8603, Japan. Tel.: +81 052 789 3327; fax: +81 052 789 3201.
E-mail address: koumoto@apchem.nagoya-u.ac.jp (K. Koumoto).
eer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
187-0764 © 2013 The Ceramic Society of Japan and the Korean Ceramic Society.
roduction and hosting by Elsevier B.V. All rights reserved.
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iSince this discovery our research has focused on preparing,
ontrolling, and enlarging the Nb-doped grain boundary in bulk
rTiO3 ceramics. Recently, we  proposed a novel three-dimensional
3D) superlattice model of SrTiO3 nanocubes, which should give
 high TE performance. This 3D superlattice model is composed
f La-doped SrTiO3 nanocubes instead of an insulating SrTiO3 sin-
le crystal, and Nb ions are doped on the interfaces between the
anocubes. A simulation has indicated that the ZT value of this 3D
uperlattice model may  exceed one at room temperature [8]. Our
ext challenge is to develop a synthesis to realize La-doped SrTiO3
anocubes suitable for Nb boundary doping.
The synthesis of SrTiO3 nanocubes has been reported under
ydrothermal conditions [9–14]. In particular, our previous works
repared monodispersed SrTiO3 nanocubes, which were 10–30 nm
n size [12,13]. Unfortunately, La doping and Nb surface doping
roved problematic using these hydrothermally synthesized
rTiO3 nanocubes; it is difﬁcult to control the morphology, compo-
ition, and dispersibility of SrTiO3 nanocubes through the addition
f different metal ions, especially for Nb ion surface doping. Hence,
 novel synthesis for La-doped SrTiO3 nanocubes that is appropriate
or surface doping of metal ions is necessary.
Herein we report a self-originating two-step process to syn-
hesize La-doped SrTiO3 nanocubes with a core–shell structure. In
he ﬁrst step, NaOH pellets are added into a dispersion of the La-
ontaining Sr–Ti–O precursor. Primary La-doped SrTiO3 nanocubes
orm under the dissolution of NaOH in an ethanol–water solution
t room temperature. Then the subsequent hydrothermal treat-
ent transforms the unreacted La-contained Sr–Ti–O precursor
nto a La-doped SrTiO3 layer on the surface of the primary SrTiO3
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anocubes based on a secondary nucleation mechanism. The uni-
orm composition and cubic morphology of the La-doped SrTiO3
anocubes are maintained after the hydrothermal treatment. This
ork demonstrates the possibility of successfully doping nanopar-
icle surfaces with metal ions, and may  be useful in the design of
ovel nanostructures.
. Experimental
TiCl4, Sr(OH)2·8H2O, and La(NO3)·6H2O were used as start-
ng materials. Fig. 1 schematically depicts the synthesis. TiCl4,
r(OH)2·8H2O (0.183 mmol, Sr:Ti = 1:1), and La(NO3)·6H2O (5–20%)
nto an ethanol–water solution (EtOH:water = 30:70, pH = 4) are
dded to prepare the La-containing Sr–Ti–O precursor suspen-
ion. In the ﬁrst step, NaOH pellets (0.85 g) were added into the
a-containing Sr–Ti–O precursor suspension. As the NaOH pel-
ets dissolved, the mixed solution became cloudy and a white
uspension formed. The suspension was mechanically stirred
s the temperature increased to 80 ◦C. The primary nanocubes
ormed during this process. In the second step, the result-
ng white sol was loaded into an autoclave cell and heated at
00 ◦C for 24 h. The white precipitate was collected by cen-
rifuge, washed with deionized water, and dried at 50 ◦C for
4 h.
X-ray diffraction (XRD) patterns of La-doped SrTiO3 nanocubes
ere collected in the 2 range of 20–80◦ with a Rigaku Rint
100 X-ray diffractometer using CuK radiation ( = 0.154051 nm).
ransmission electron microscopy (TEM) and selected area electron
iffraction (SAED) patterns were obtained using a JEOL JEM-
010 transmission electron microscope operating at 200 kV. The
lements distribution in a La-doped SrTiO3 nanocube was  deter-
ined with energy dispersive X-ray spectroscopy equipped with a
canning transmission electron microscope (STEM-EDX). Diffuse
eﬂection spectra (Kubelka–Munk spectra) were recorded on a
ASCO model V-570 UV-VIS spectrophotometer.
. Results and discussionLa-doped SrTiO3 nanocubes form in the ﬁrst step of the syn-
hesis (Fig. 1). The dissolution of NaOH is a violent exothermic
eaction, which creates a pH difference near the NaOH pel-
ets. The high temperature and pH accelerate the formation of
1
d
i
Fig. 1. Schematic illustration of two-step synthesamic Societies 1 (2013) 35–40
rimary La-doped SrTiO3 nanocubes [15,16]. In the subsequent
ydrothermal process, the newly formed La-doped SrTiO3 phase
ransforms from the unreacted La-containing Sr–Ti–O precursor
niformly coated on the primary La-doped SrTiO3 nanocubes
nto the core–shell structure, while the cubic morphology is
aintained.
Fig. 2 shows the TEM images and EDX results of the La-doped
rTiO3 nanocubes synthesized under hydrothermal treatment for
4 h. All La-doped SrTiO3 nanocubes with a size of ca. 60 nm have
 cubic morphology. The HR-TEM images of the La-doped SrTiO3
anocubes show a good crystallinity and sharp edges. The La-doped
rTiO3 nanocubes show a core–shell structure. A thin layer with a
hickness of 3–5 nm is identiﬁed. The fast Fourier transform (FFT)
roﬁles of the thin layer are similar to those of the nanocubes
Fig. 2d–i). On the other hand, pure SrTiO3 nanoparticles produce
n irregular morphology without the core–shell structure (Fig. S1).
a doping is necessary to obtain the cubic morphology. La doping
oncentrations in La-doped SrTiO3 nanocubes identiﬁed by EDX
esults were similar to those initially added as shown in Fig. 2j,
ndicating that La ions were successfully incorporated into the crys-
al lattice of core–shell La-doped SrTiO3 in the present synthesis
rocess.
Supplementary material related to this article found, in the
nline version, at doi:10.1016/j.jascer.2013.02.004.
Fig. 3 shows the XRD patterns and the enlarged (1 1 0) peaks
f La-doped SrTiO3 nanocubes hydrothermally treated for 24 h
or various La doping concentrations. The XRD patterns show
hat all La-doped SrTiO3 particles correspond to those of single-
rystalline SrTiO3 with a cubic perovskite structure. The enlarged
1 1 0) diffraction peaks (2  = 32.3◦) clearly indicate a shift to a
igher angle as the La concentration increases (Fig. 3b), implying
 smaller lattice constant. Fig. 3 also conﬁrms that La3+ is success-
ully substituted for Sr2+ site in the SrTiO3 crystal lattice. Because a
a ion has a ﬁxed 3+ valency and smaller ionic radius (1.36 A˚) than
hat of Sr2+ (1.44 A˚) [17], La ions only occupy the A sites (Sr site)
n the SrTiO3 lattice. The average crystallite sizes calculated using
cherrer’s equation from the (1 1 0) diffraction peak are 35, 37, 37,
nd 34 nm for La-doped SrTiO3 with doping concentrations of 0, 5,
0, and 20%, respectively.
Fig. 4 shows the element mapping and line scan proﬁle of 10% La-
oped SrTiO3 nanocubes. The different colors in the element map
ndicate the elemental distribution of O, Ti, Sr, and La (Fig. 4a). A
is procedure of La-doped SrTiO3 particles.
N.-H. Park et al. / Journal of Asian Ceramic Societies 1 (2013) 35–40 37
Fig. 2. TEM and HR-TEM images of La-doped SrTiO3 particles hydrothermally treated for 24 h with various La doping concentrations. La doping concentrations are (a, d, g)
5%,  (b, e, h) 10% and (c, f, i) 20%, respectively. (j) The plot of EDS results of La-doped SrTiO3 particles hydrothermally treated for 24 h with various La doping concentrations.
Fig. 3. (a) XRD patterns and (b) the enlarged (1 1 0) peaks of La-doped SrTiO3 particles hydrothermally treated for 24 h with various La doping concentrations (0–20%).
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bFig. 4. (a) STEM-EDX element mapping and (b) line scan proﬁ
rTiO3 nanocube contains each constituent element (Fig. 4b). Both
esults indicate that the La ion is uniformly distributed in the SrTiO3
attice. The newly formed La-doped SrTiO3 layer also possesses a
niform composition.
Fig. 5 shows the kinetics to form 20% La-doped SrTiO3
anocubes. Primary nanocubes form after the dissolution of the
aOH pellets (Fig. 5a and b). The HR-TEM images of the primary
a-doped SrTiO3 nanocubes show a good crystallinity and perfect
ubic morphology. A small amount of unreacted Sr–Ti–O precur-
or is observed. The EDS analysis (Fig. 5a) indicated the absence
f La in the unreacted Sr–Ti–O precursor. In the ﬁrst step, almost
ll the Sr–Ti–O precursor transforms into nanocubes. Then after
he subsequent hydrothermal treatment for 1 h, the unreacted La-
ontaining Si–Ti–O precursor surrounds the nanocubes (Fig. 5c and
). As reaction time increased, the La-containing Sr–Ti–O precur-
or around the nanocubes mainly transformed into thin layers, and
o other phases were identiﬁed from the TEM images and XRD
atterns (Fig. 5e–g). The hydrothermal treatment did not alter the
orphology of the nanocubes.
In the present work, La-doped SrTiO3 nanocubes form in an
thanol–water solution with a relatively basic pH of 13.5 prior
o the hydrothermal treatment (Fig. 1) due to the dissolution of
he NaOH pellets and the mixed solvent. SrTiO3 particles require
onditions of high temperature and pH to form in an aqueous solu-
ion, which makes it difﬁcult to rapidly obtain the SrTiO3 phase
t room temperature. Because the dissolution of NaOH in aqueous
olution is a violent exothermic reaction, diffusion of NaOH from
he pellets into solution creates an area with high temperature and
I
t
l
n0% La-doped SrTiO3 particles hydrothermally treated for 24 h.
 high concentration of NaOH around the pellets. These conditions
ccelerate the formation of La-doped SrTiO3 nanocubes at room
emperature.
Furthermore, the ethanol–water solution is also attributed
o the rapid formation of La-doped SrTiO3 nanocubes. Our pre-
ious works identiﬁed that the low dielectric constant of the
thanol–water solvent can accelerate the formation of metal oxide
anocubes [18–20]. When the solvent is an aqueous solution,
 hydrothermal treatment yields octopod particles (Fig. 6) with
he unreacted La-containing Sr–Ti–O precursor. The SrTiO3 par-
icles grow in the [1 1 1] direction (Fig. 6b). Moreover, La ion
oping is crucial to form nanocubes because the same synthetic
onditions for pure SrTiO3 provide only particles with irregular
hape.
The unreacted La-containing Sr–Ti–O precursor (Fig. 5a) is com-
letely transformed into the SrTiO3 layer (Fig. 2d–i) coated on
he nanocubes. Other phases do not form after the hydrothermal
reatment. These observations can be explained by the secondary
ucleation mechanism based on the surface of primary La-doped
rTiO3 nanocubes. The La-doped SrTiO3 layers formed during the
ydrothermal treatment have the same crystal structure as the
rimary nanocubes (Fig. 2), and the La distribution is uniform.
he complete and uniform transformation suggests that Nb can
e practically doped on the surface of La-doped SrTiO3 nanocubes.
n this synthesis, if Nb ions or other metal ions are added prior to
he hydrothermal treatment, a uniform Nb and La-doped SrTiO3
ayer should form on the surface of primary La-doped SrTiO3
anocubes.
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rig. 5. TEM images of (a, b) nanocubes of 20% La-doped SrTiO3 in gel obtained at 50 ◦
or  (c, d) 1 h, (e) 6 h and (f) 18 h, and (g) XRD patterns.
Fig. 7 shows the band-gap energies of La-doped SrTiO3 particles
ydrothermally treated for 24 h. According to the Kubelka–Munk
unction, the band-gap energy measured for pure SrTiO3 par-
icles is 3.22 eV, which is slightly larger than that of bulk
rTiO3 (3.2 eV) [21]. This difference may  be due to the quan-
um size effect. The band-gap energies for 0, 5, 10 and 20%
w
s
w
ere hydrothermal treatment, 20% La-doped SrTiO3 particles hydrothermally treated
a-doped SrTiO3 particles are 3.22, 3.23, 3.21 and 3.25 eV,
espectively, which are considered to be substantially the same
ithin experimental errors. This result agrees with the band
tructure calculation reported by Ravichandran et al. [22], in
hich La doping into Sr sites did not change the band gap
nergy.
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Fig. 6. (a) FE-SEM and (b) HR-TEM images of 20% La-doped SrTiO3 particles hydroth
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. Conclusions
A two-step synthesis yields core–shell structured La-
oped SrTiO3 nanocubes. The dissolution of NaOH pellets in
thanol–water solution, which is a violent exothermic process,
orms primary La-doped SrTiO3 nanocubes, and is critical to
apidly form the SrTiO3 phase. La doping and ethanol–water sol-
ent accelerate the formation of nanocubes. The La-doped SrTiO3
ayer with a uniform composition and crystal structure forms on
he surface of primary nanocubes in the hydrothermal treatment.
he present work provides a practical method for surface doping
f metal ions on SrTiO3 nanocubes, and can be used to prepare
ovel nanostructures.onﬂict of interest
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